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Among the various endocytic mechanisms in mammalian cells, macropinocytosis
involves internalization of large amounts of plasma membrane together with extracellular
medium, leading to macropinosome formation. These structures are formed when
plasma membrane ruffles are assembled after actin filament rearrangement. In dendritic
cells, macropinocytosis has been reported to play a role in antigen presentation. Several
intracellular pathogens are internalized by host cells via multiple endocytic pathways and
macropinocytosis has been described as an important entry site for various organisms.
Some bacteria, such as Legionella pneumophila, as well as various viruses, use this
pathway to penetrate and subvert host cells. Some protozoa, which are larger than
bacteria and virus, can also use this pathway to invade host cells. As macropinocytosis
is characterized by the formation of large uncoated vacuoles and is triggered by various
signaling pathways, which is similar to what occurs during the formation of the majority of
parasitophorous vacuoles, it is believed that this phenomenon may be more widely used
by parasites than is currently appreciated. Here we review protozoa host cell invasion via
macropinocytosis.
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The set of mechanisms known as endocytosis can be described as those processes that allow com-
munication between intracellular and extracellular environments, where molecules exposed to the
outer face of the plasma membrane play an important role. However, the mechanisms regulating
endocytosis are also dependent upon events that take place on the cytoplasmic face of the plasma
membrane, as well as upon cytoskeletal components associated to the membrane. In addition, as
consequence of the activation of a series of intracellular signaling cascades, the process of endocy-
tosis interfere with the control of basic cell phenomena, such as the control of cell migration, cell
division, cell-to-cell interaction, and antigen presentation (Hoeller et al., 2005). In recent years sev-
eral studies have indicated that macropinocytosis is also used by various pathogens (e.g., viruses,
bacteria, and protozoa) to gain access to different cell types (Marsh and Helenius, 2006).
Several groups have analyzed in detail the endocytic processes using various approaches, allow-
ing characterization of the size of the endocytic vesicle, the nature of the cargo and the mechanisms
of vesicle formation (Veiga and Cossart, 2006). Currently, endocytic events are divided into the
follow routes: classical endocytosis (clathrin-mediated); caveolin-dependent endocytosis 1 (cave-
olae); endocytic type CLIC/GEEC; ARF6-dependent endocytosis; flotilin dependent endocytosis;
phagocytosis; and macropinocytosis (Doherty and McMahon, 2009).
The macropinocytosis pathway involves internalization of a large area of the plasma membrane
together with significant amounts of extracellular fluid. This process occurs when membrane
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projections fuse with each other, generating a large and irregular
vesicle (>1µm) known as the macropinosome. These structures
are formed from plasmamembrane “ruﬄes,” which are generated
following the rearrangement of cortical actin filaments (Johannes
and Lamaze, 2002).
Normally, macropinocytosis events are initiated from an
external stimulus. These stimuli may be growth factors that lead
to activation of tyrosine kinase type receptors that subsequently
trigger the activation of a signaling cascade that culminates in
the remodeling of the actin cytoskeleton and subsequent for-
mation of membrane ruﬄes (Mercer and Helenius, 2009). In
this activation process proteins belonging to the Ras super-
family of GTPases play a fundamental role. Proteins of this
superfamily, when activated by a tyrosine kinase receptor, trig-
ger three parallel signaling pathways involving Ras-related C3
botulinum toxin substrate 1 (Rac1), Rab5, ARF6, and phospho-
inositide 3-kinase (PI3K) (Bar-Sagi et al., 1987). These pathways
play important roles in the formation of membrane ruﬄes,
as well as in macropinosome traffic. Inhibitors of phospho-
inositide 3-kinases (PI3Ks), which generate PI(3,4,5)P3 from
PI(4,5)P2, impair macropinosome formation since the transient
and sequential emergence of phosphoinositides PI(3,4,5)P3 and
PI(3,4)P2 in the membrane ruﬄes are essential for macropinocy-
tosis (Araki et al., 1996; Maekawa et al., 2014). Rac 1 and ARF6,
both proteins involved in actin cytoskeleton rearrangement, are
involved in ruﬄe formation. ARF6 can activate Rac 1 to pro-
mote the formation of amacropinosome (reviewed byDonaldson
et al., 2009). Rac 1 activation and deactivation has a crucial role
in macropinocytosis (Fujii et al., 2013). Once activated, Rac 1
triggers effector proteins that leads to actin polymerization, fila-
ments stabilization, and the effector-dependent myosin contrac-
tion (Ridley and Hall, 1996; Mercer and Helenius, 2009). Rab5,
a Rab GTPase protein and well-known molecular marker of the
early endosome, and an increased expression of Rab5 (together
with an active form of Ras) promotes the formation of circu-
lar ruﬄes. This protein relocates along the ruﬄe regions with
RN-Tre (related protein N-terminal threonine). RN-Tre and the
Rab5 effector protein, GAP, interact with F-actin to promote
crosslinking between ruﬄe regions and actin filaments (Lanzetti
and Fiore, 2008). In addition, one of Rab5 effectors, known as
Rabankirin 5, promotes macropinocytosis and has been deter-
mined as a molecular marker of this event (Schnatwinkel et al.,
2004). This protein is also responsible for leading Rab5 to the
emerging macropinosome (Schnatwinkel et al., 2004). Arf 6, a
GTPase protein that is involved in membrane traffic processes,
participates in the formation of macropinosomes; recycling Rac1
to the plasma membrane and thereby promoting the formation
of a macropinosome (Radhakrishna et al., 1999; Donaldson and
Honda, 2005). In addition, ARF6 is also able to affect intracellu-
lar traffic to macropinosomes since it affects the Golgi localized
ARFs, such as Arf1 that promotes membrane remodeling and
endocytic vesicles movement (Donaldson et al., 2009).
Phosphoinositides are involved in cellular processes (e.g.,
membrane dynamics) and have also been implicated in
macropinocytosis. Rac 1 and ARF6 activate the phosphorylation,
by phosphatydilinositol 4-phosphate 5-kinase (PI4P5K), of phos-
phatytilinositol 4-phosphate (PI4P) generating PI(4,5)P2, which
is localized in membrane ruﬄes and in macropinosome cups.
PI3 kinase action leads to accumulation of PI(3,4,5)P3 during
macropinosome formation and recruits GEFs and GAPs, which
present PI(3,4,5)P3 PH domains, thus directing actin polymer-
ization by Rho-GTPase activity, crucial for ruﬄe formation and
macropinosome closure. Rab 5 was also observed to accumu-
late at the macropinosome after the recruitment of PI(3,4,5)P3
(reviewed by Egami et al., 2014). This GTPase is also involved
in actin remodeling, although its precise role in this process is
poorly understood (Lanzetti et al., 2004). Using a probe that
specifically binds to PI(3,4)P2, transient elevation of this phos-
phoinositide was shown at the time of cup closure (Welliver
and Swanson, 2012; Maekawa et al., 2014). Several pathogens
depend on the activation of PI3 Kinase to invade host cells,
including viruses (reviewed by Diehle and Schaal, 2013), some
bacteria (e.g., Pseudomonas aeruginosa, Lovewell et al., 2014),
and trypanosomatids (e.g., Leishmania Mexicana, Oghumu and
Satoskar, 2013), Leishmania donovani (Mukherjee et al., 2014),
and Trypanosoma cruzi (Vieira et al., 2002; Woolsey et al., 2003).
However, as this pathway is also crucial for the formation of
phagosomes (reviewed by Levin et al., 2015), together with the
fact that most groups are verified as having an involvement with
this pathway during pathogen entry, suggests a phagocytosis
event, rather than a macropinocytosis event, might be respon-
sible. Therefore, macropinocytosis might be more frequent than
is currently appreciated because of a lack of investigation of
the components that characterize this pathway. In the case of
T. cruzi, the activation of PI3K pathway was described as the
major T. cruzi’s host cell entry (Woolsey et al., 2003). In this
pathway lysosomes’ fusion (essential for parasitophorous vac-
uole acidification) occurs with a pre formed vacuole and, thus,
broke the paradigm that the main route of entry of this proto-
zoan was dependent of lysosome exocytosis to the plasma mem-
brane (Andrews, 1994). The recruitment of PI3K to the forming
Toxoplasma gondii parasitophorous vacuole was also observed
when non-professional phagocyte cell lines were used. The main
mechanism of host cell invasion used by T. gondii is active pen-
etration, forming a non-fusogenic vacuole (reviewed by Sibley,
2011), but those results indicate that a macropinocytosis event
may also occur during T. gondii invasion into host cells, since the
same group also demonstrates participation of other molecules
involved with this process [e.g., ARF6, various phosphoinositides
(PIP2, PIP3) and actin cytoskeleton (da Silva et al., 2009)]. Results
from different authors using macrophage, a fibroblast cell line or
a bladder tumor cell 4934 treated with cytochalasin showed that
this drug inhibit but do not block T. gondii entry into host cell, so
we can suggest that not only phagocytosis but also micropinocy-
tosis could be used by this protozoa (Ryning and Remington,
1978; Silva et al., 1982). In T cruzi, macropinocytic cups like
structures were visualized using microscopy by Schenkman and
Mortara (1992) but any inference was made to a macropinocy-
tosis process, since host cell actin recruitment (essential for
macropinocytosis pathway) has been ruled out by the group. In
relation to actin, their participation in entry and in the forma-
tion of parasitophorous vacuole has been demonstrated quite
contradictory, since while some groups exclude their partici-
pation (Schenkman and Mortara, 1992) others describe their
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FIGURE 1 | Participation of Rabankirin 5 (A, DAPI; B, Rabankirin; C,
merge), lucifer yellow (D, phase; E, lucifer yellow; F, merge), and
actin+rabankirin (G, rabankirin; H, phaloidin Alexa 546, I, merge) in
the entry of T. cruzi and formation of the parasitophorous vacuole.
These labels are considered of macropinocytosis’ markers and thus
indicate the participation of this endocytic process in host cell invasion by
this protozoan. Images that composes this figure come from Barrias et al.
(2012).
participation in the entry and VP formation (Vieira et al., 2002;
Woolsey et al., 2003; Reignault et al., 2014). Besides, Reignault
et al. (2014) demonstrated the formation of an actin belt around
the VP in macrophages, which could be related to macropinocy-
tosis (Figure 2).
In addition to the Ras superfamily GTPases, macropinocy-
tosis events are also dependent of others protein kinases. The
most important of these is the protein kinase activator of p21
(Pak1). Pak1 is a serine threonine kinase type protein that
activates Rac1 and Cdc 42, whose function is to regulate the
motility and dynamics of the cytoskeleton, which is required
during all stages of macropinocytosis (Mercer and Helenius,
2009). Concerning this, using MDCK transfected with consti-
tutively active Rac 1 or Cdc 42, our group has shown that
these GTPases participate in the process of T. cruzi invasion
(Dutra et al., 2005). The group also suggested the participation
of Pak1, specific regulators of Pak1, and serine/treonine kinase
in the process, supporting the participation of actin filament
dynamics during T. cruzi invasion. Once activated, Pak1 is relo-
cated to the plasma membrane where it activates a number of
effectors required for the formation of ruﬄing, blebbing and
macropinosomes (Mercer and Helenius, 2009). Pak1 is also capa-
ble of activating bar proteins (protein 1/Brefeldin A-ADP ribo-
sylated substrate) that are required for closing macropinosomes
(Mercer and Helenius, 2009). Protein kinase C (PKC) is another
kinase that participates in macropinocytosis. PKC is a Ca2+ and
diacylglycerol protein serine/threonine kinase that is activated
by tyrosine kinase receptor or PI3K, and that after association
with the plasma membrane promotes ruﬄing and the forma-
tion of macropinosomes (Mercer and Helenius, 2009). Although
the exact function of PKC remains unclear, it is known to be
involved in signal transduction and amplification (Ridley and
Hall, 1996). In addition to Pak1, PKC, and c-Src protein (pro-
tein tyrosine kinase that has a receptor function) also stimulate
macropinocytosis (Amyere et al., 2002). Thus, the c-Src recep-
tor works synergistically with tyrosine kinases to further increase
macropinosome formation signaling (Donepudi and Resh, 2008).
Given the importance of PKC for macropinocytosis, Barrias et al.
(2012) used a PKC inhibitor (rotllerin) and a known PKC acti-
vator (phorbol 12-myristate 13-acetate - PMA) to demonstrate
the participation of this pathway in the internalization processes
of trypomastigote and amastigotes of T. cruzi by both phagocytic
and non-phagocytic host cells. Host cell PKC was also described
as essential for internalization of T. gondii since this protein is
required for infection-induced MAPK activation and produc-
tion of IL-12, which function as regulators of the innate immune
response to T. gondii stimuli (Masek et al., 2006).
The use of Na+/H+ channels inhibitors such as amiloride
and EIPA [5-(N-ethyl-N-isopropyl) amiloride] results in a block-
age in the formation of ruﬄing membrane (Dowrick et al.,
Frontiers in Physiology | www.frontiersin.org 3 April 2015 | Volume 6 | Article 106
de Carvalho et al. Macropinocytosis: a pathway to protozoan infection
FIGURE 2 | Schematic representation of T. cruzi entry into host cells.
(A) The protozoan adheres to the host cell using different receptors that can
stimulate pathways such as PKC (purple triangle) and PI3K (orange triangle).
At this moment, the recruitment of lysosomes (red vesicles) to the plasma
membrane can occurs. PAK1 (pink dots) and rabankyrin 5 (yellow dots) are
also recruited for parasitophorous vacuole (PV), indicating a
macropinocytosis pathway. (B) With the vacuole formed, lysosomes are still
recruited to the PV promoting acidification and labeling with PAK1 and
rabankyrin 5 are also present. At this time the parasite can survive and
continue the life cycle (C) or be degraded (D). Actin filaments (green lines)
can be observed. We used T. cruzi as an example of protozoa that can use
macropinocytosis pathway.
1993). Regarding this, Barrias et al. (2012) have shown that
the using EIPA strongly inhibits the entry of T. cruzi into
host cells. In many cases the inhibition caused by the use of
these inhibitors is the principal tool to study macropinocytosis
(Dowrick et al., 1993), however, as there are many events that
are cell macropinocytosis-specific, this should not be the only
criterion used to classify a macropinocytic event (Ivanov, 2008).
Another experimental condition that inhibits macropinocytosis
is the depletion of cholesterol (Grimmer et al., 2002). This effect
is due to the redistribution of plasma membrane phosphoinosi-
tides that affect the location of Rac1, ARF6 and other signaling
factors (Grimmer et al., 2002; Kwik et al., 2003). In the case of T.
cruzi, several studies have shown that cholesterol depletion causes
a severe inhibition in the parasite’s entry into host cells (Bar-
rias et al., 2007; Hissa et al., 2012). The same was observed with
with T. gondii (Cruz et al., 2014). In all cases, a decrease in the
pathogens’ entry into the host cells was related to disorganization
of membrane microdomain regions, however, we as yet cannot
rule out the possibility that depletion of cholesterol is inhibiting
the macropinocytosis pathway and thus hampering the entry of
parasites. Several proteins are required for the final closure of a
macropinosome, allowing this structure to be internalized and
gain access to the cytoplasm of the cell. In many cases various
classes of myosin (I, II, V, and X) also associate to the closure of
the assembling vesicle. The use of inhibitors against these classes
of myosins showed that there was a change in curvature dur-
ing ruﬄe formation and macropinosome closure. Furthermore,
in some cases it was shown that Dynamin, a protein involved
in the cleavage of vesicles, participates in this process (Liu et al.,
2008). Dynamin has also been described as being responsible for
the fission of parasitophorous vacuoles during host cell invasion
by T. cruzi (Barrias et al., 2012) and T. gondii (Caldas et al., 2010),
suggesting the use of macropinocytosis in the entry of these
pathogens. Macropinocytosis is described as being involved in
immunity and infection, as well as being the main pathway used
by cells involved in antigen presentation of the class I and class
II major histocompatibility complexes (reviewed in Levin et al.,
2015). Some studies also associate macropinocytosis with the
process of antigen presentation in dendritic cells (Watts, 1997).
Macropinocytosis is also described as being involved in the inter-
nalization of Legionella pneumophila, several viruses (Mercer
and Helenius, 2009) and also protozoa. Wanderley et al. (2006)
have shown that L. amazonensis amastigotes, which expose phos-
phatidylserine on their surface, are able to induce entry through
a macropinocytic process although in the most of the cases Leish-
mania internalization occur using receptor mediated phagocyto-
sis (reviewed by Sibley, 2011). Parasites internalized by this route
are localized in loose parasitophorous vacuoles. Recently, Ramos
et al. (2014) showed that internalization of different Leishma-
nia species by microglia seems to occur by receptor mediated
phagocytosis and macropinocytosis, reinforcing the role of this
process in antigen presentation. Our group, (Barrias et al., 2012)
has shown that macropinocytosis can be used by T. cruzi to gain
access to the intracellular environment of host cells (Figure 1).
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Subsequently, Butler et al. (2013) showed that vesicles coated with
T. cruzi trans-sialidase stimulates a process of “eat me” in epithe-
lial cells in a process similar tomacropinocytosis. This conclusion
was reached using various approaches, such as showing the par-
ticipation of Rabankyrin 5, tyrosine kinases, actin, and Pak1 in T.
cruzi invasion process. Rabankyrin 5 is a PI(3)P-binding Rab 5
effector that can be localized to macropinosomes (Schnatwinkel
et al., 2004), and as such can be used as an additional tool
to detect macropinosomes. Recently, BoseDasgupta and Pietrs
(2014) described that a process that reprograms phagocytosis to
macropinocytosis takes place in macrophages during an inflam-
matory stimuli. This pathway was described as responsible for
directing large vacuoles containing a pathogen to be destroyed
in lysosomes. The protein involved in this change of endocytosis
type pathway is coronin1, whose serine residues are phospho-
rylated by a protein kinase C after macrophage activation with
IFN gamma. Once phosphorylated, coronin1 activates phospho-
inositol PI-3-kinase, which is involved, in micropinocytosis, as
described above. Therefore, it is tempting to speculate that during
the early host infection by T. cruzi, when there is an IFN gamma
immune response (Ferreira et al., 2014), activated macrophages
are reprogrammed to engulf parasites using macropinocytosis.
This receptor independentmechanism ismore efficient at remov-
ing microorganisms from the extracellular space. Regarding T.
cruzi host cell infection, it is not yet clear how the scenario pro-
gresses after entry into host cell of more than one parasite. For
cells infected by T. cruzi it has been well established that fusion
of lysosomes with the parasitophorous vacuole (PV) is necessary
for subsequent lysis of the vacuolar membrane, allowing the par-
asite to enter into contact with the host cell cytoplasm. Parasites
that enter host cells using macropinocytosis are directed to lyso-
somes to be destroyed and antigen processed, possibly limiting
the number of live parasite inside the host cell, protecting the
host from death (Figure 2). As described above, T. cruzi requires
an acidic milieu to escape from the PV. Therefore, more studies
will be necessary in order to better understand the mechanisms
involved in T. cruzi entry into a host cell using macropinocytosis
and its subsequent fate.
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